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speciﬁc virulence in sockeye salmon and rainbow trout. Comparisons of mean viral loads in single and mixed
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Infectious hematopoietic necrosis virus (IHNV) is an economically
important aquatic viral pathogen that causes an acute systemic
infection in a wide variety of salmonid ﬁshes, and can lead to
signiﬁcant mortality. North American isolates of IHNV are subdivided
into threemajor genogroups named U,M, and L, based on phylogenies
of the 303-nucleotide variable “mid-G” region of the virus glycopro-
tein gene (Kurath et al., 2003). In the North American IHNV
phylogeny, a general pattern of differential host-speciﬁcity has been
observed in which IHNV isolates from the U and M genogroups occur
predominantly in sockeye salmon (Oncorhynchus nerka) and rainbow
trout (O. mykiss), respectively (Garver et al., 2003). These trends of
host association observed in the ﬁeld correlate well with the host-
speciﬁc virulence of various IHNV isolates in experimental challenge
studies (Garver et al., 2006; LaPatra et al., 1990, 1993; Yamamoto and
Clermont, 1990). In sockeye salmon, U genogroup isolates are highly
virulent, but M genogroup isolates cause only low mortality.
Conversely, in rainbow trout U isolates cause low mortality, and M
isolates are highly virulent.
For a virus, ﬁtness is a complex parameter deﬁned by the ability to
produce infectious progeny in a given environment (Domingo et al.,
1999, 2001; Domingo and Holland, 1997; Goulder andWatkins, 2004;
Holland et al., 1991). For the IHNV system described here, virulence ismeasured as mortality caused by viral infection. The relationship
between virulence and ﬁtness varies with different pathogens.
Although virulence is positively correlated with pathogen ﬁtness in
some cases (Munster et al., 2009; Suzuki et al., 2009), there are also
some viruses that replicate to high levels in hosts without associated
virulence (Carrillo et al., 1998; Lenhoff et al., 1998; Pandrea et al.,
2008). In the case of co-infections, rapidly replicating pathogens are
said to have a competitive advantage because they will achieve a
higher percentage of the in-host population (Ebert, 1998; Frank,
1996; Mosquera and Adler, 1998; Read and Taylor, 2001; vanBaalen
and Sabelis, 1995).
For most vertebrate viruses, the relationship between virulence
andwithin-host ﬁtness has not been examined in vivo, largely because
of the difﬁculty of performing experimental studies in living
vertebrate hosts (Alizon et al., 2009). For the ﬁsh rhabdovirus IHNV,
in vivo virus growth competition assays have been developed, thus
facilitating the study of both absolute and relative ﬁtness of IHNV
variants during single and mixed infections (Troyer et al., 2008;
Wargo et al., 2010). We use the term “genotype” within this IHNV
system to refer to isolates that represent speciﬁc genetic types. To
date, this in vivo ﬁtness assay has been used to investigate pairs of
IHNV genotypes within the M genogroup that exhibit equal (Troyer
et al., 2008) and unequal (Wargo et al., 2010) virulence in the rainbow
trout host. In both cases, virulence was found to correlate with virus
ﬁtness such that IHNV genotypes with equal virulence had equal
ﬁtness, and a high virulence M genotype had higher ﬁtness than a low
virulence M genotype in rainbow trout.
In this study, we assessed ﬁtness of representative U and M IHNV
genotypes in both single and mixed infections in two host species,
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313M.M.D. Peñaranda et al. / Virology 417 (2011) 312–319sockeye salmon and rainbow trout. Fish were singly or dually infected
in batch with representative genotypes of U and M IHNV and then
separated into individual isolation units for 72 h to allow virus
replication and competition within individual ﬁsh. The virus progeny
population present in each ﬁsh was quantiﬁed via genotype-speciﬁc
qRT-PCR assays (Fig. S1) to evaluate the overall within-host ﬁtness,
which will be referred to hereafter as in vivo ﬁtness. Due to the
initiation of the infections by immersion, this term includes both entry
of the virus into the host and within host virus replication. This study
is the ﬁrst application of the IHNV in vivo ﬁtness assay to viral
genotypes from different genogroups. It is also the ﬁrst report of IHNV
ﬁtness assays in a host species other than rainbow trout. We
hypothesized that in sockeye salmon the more virulent U IHNV
would have higher ﬁtness, while in rainbow trout themore virulentM
IHNV would be more ﬁt.C
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In vivo ﬁtness assays of U and M IHNV in sockeye salmon
Two independent U and M IHNV in vivo ﬁtness assay experiments,
designated ss1 and ss2, were conducted in juvenile sockeye salmon
using group sizes of 15 and 30–32 ﬁsh, respectively, with an
immersion challenge dose of 1×104 pfu/ml for each IHNV genotype
(Table 1A). Viral loads in individual ﬁsh determined after 3 days of in-
host viral replication are shown in Figs. 1 (experiment ss2) and S2
(experiment ss1). Calculated mean viral loads of virus-positive ﬁsh in
each treatment group are shown in Fig. 2 and summarized in Table 2A.
When examining the total number of ﬁsh that became infected
with virus it was observed that all ﬁsh in the U IHNV single infection
groups were positive for U virus, while 87% (ss1) and 94% (ss2) of the
ﬁsh in theM IHNV single infection groups hadM virus. Thus there was
no signiﬁcant difference between the two genotypes in the percent of
ﬁsh that became infected (Z1,6=0.003, P=0.997). In the mixed
infection groups, 87% (ss1) and 100% (ss2) of ﬁsh had mixtures of
both U and M virus, and two ﬁsh in experiment ss1 had M virus alone.
Ultimately, we found no signiﬁcant effect of competition on the
percent of ﬁsh that became infected for either genotype (Z1,5=0.001,
P=1). We also observed no signiﬁcant difference in the number of
ﬁsh that became infected between the two experiments (Z1,5=0.74,
P=0.46).Table 1
Conditions for in vivo viral ﬁtness assay experiments in sockeye salmon and rainbow
trout.
Fitness
assay
expt.
Number
of ﬁsh
per
group
Mean
ﬁsh
weight
(g)
Virus dose(s) in immersion challenge, pfu/mla
Single
infection
U IHNV
Single infection
M IHNV
Mixed infectionb
U+M IHNV
A) Experiments in sockeye salmon
ss1 15 1.2 1×104 1×104 1×104+1×104
ss2 30–32 1.5 1×104 1×104 1×104+1×104
B) Experiments in rainbow trout
rt1 16–17 1.9 2×105 2×105 2×105+2×105
rt2 30–31 1.2 2×105 2×105 2×105+2×105
rt3c 30–31 1.4 2×105 2×105 1×105+1×105
a The challenge dose used for rainbow trout was higher than the previously deﬁned
standard dose of 1×104 (Troyer et al., 2008; Wargo et al., 2010) because preliminary
tests indicated that the higher dose was needed in this host species to initiate
detectable infections with U IHNV in the majority of ﬁsh.
b For mixed infection treatment groups ﬁsh were challenged by immersion in a 1:1
mixture of U and M IHNV at the doses indicated.
c Assay rt3 was designed with an equal total dose of virus in all treatment groups
(single and mixed infections), to test for the effect of the different total doses in rt1 and
rt2, where the mixed infection groups had twice the total dose of virus as the single
infection groups.
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Fig. 1. In vivo ﬁtness of U and M IHNV in juvenile sockeye salmon (Fitness experiments
s2). (A) Single infection: U IHNV only; (B) Single infection: M IHNV only; (C) Mixed
infection: U (gray bars) and M (black bars) IHNV. Bars show U or M viral load in
individual whole ﬁsh. Horizontal dashed and dotted lines indicate detection levels for
the U and M genotype-speciﬁc qRT-PCR assays, respectively. Analogous data from
experiment ss1 can be found in the Supplementary materials as Fig. S2.When examining the mean viral load of those ﬁsh that became
infected, it was observed that the amount of virus produced by
genotype U IHNV was signiﬁcantly higher than genotype M IHNV in
both experiments, both in single infections (2.1–2.2 log difference)
and mixed infections (2.5–2.8 log difference) (Table 2A, F1,127=557,
Pb0.001). Viral loads were lower in experiment ss2 than in ss1
(F1,127=69, Pb0.001), but within each experiment the relative
difference between treatment groups was consistent.
Potential effects of competition between U and M IHNV during co-
infection were investigated by comparing the performance of each
genotype in single and mixed infections. For genotype U we found
that there was signiﬁcantly more virus produced in mixed infections
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Fig. 2. Mean viral loads of U and M IHNV in juvenile sockeye salmon from two
independent viral ﬁtness experiments: ss1 (A) and ss2 (B). Bars show geometric means
(±S.E.M.) of virus-positive ﬁsh with prevalence (number of virus-positive ﬁsh out of
number of ﬁsh sampled) indicated above each bar. Asterisks denote statistically
signiﬁcant difference (pb0.05) between treatment groups. Horizontal dashed and
dotted lines indicate detection levels for the U andM genotype-speciﬁc qRT-PCR assays,
respectively.
314 M.M.D. Peñaranda et al. / Virology 417 (2011) 312–319than in single infections (F1,127=4, Pb0.001), with the difference
being qualitatively larger in experiment ss2 (1.1 log difference)
(Fig. 2). We found no signiﬁcant difference in genotype M viral loads
between single and mixed infections in sockeye salmon. No virus was
detected in mock-infected ﬁsh in the two experiments.
In vivo ﬁtness assays of U and M IHNV in rainbow trout
Preliminary experiments showed that the standard in vivo IHNV
ﬁtness assay challenge dose of 1×104 pfu/ml (Troyer et al., 2008) was
not sufﬁcient to produce detectable infection with U IHNV in mostTable 2
Summary of mean viral load and prevalence of U- and M-positive ﬁsh in in vivo ﬁtness assa
Mean log viral load (copies/μg RNA)a Prev
Fitness
assay
expt.
Single
infection U
IHNV
Single
infection
M IHNV
Mixed infection U+M
IHNV
Sing
U
A) Experiments in sockeye salmon
ss1 7.57±0.11 5.52±0.21 7.86±0.08+5.35±0.16 15/1
ss2 6.50±0.10 4.29±0.12 7.56±0.09+4.78±0.12 31/3
B) Experiments in rainbow trout
rt1 5.27±0.36 7.05±0.23 4.93±0.15+7.37±0.25 3/14
rt2 4.85±0.25 6.57±0.14 4.79±0.17+6.05±0.15 9/31
rt3 5.30±0.33 7.42±0.16 5.49±0.25+7.56±0.18 17/2
a Mean geometric viral load was calculated using all surviving and dead virus-positive ﬁ
b Prevalence is presented as number of virus-positive ﬁsh out of total surviving ﬁsh sample
during the three day assay period. No ﬁsh died in the sockeye salmon assays.rainbow trout (data not shown). Therefore a higher dose of
2×105 pfu/ml was used for rainbow trout assays. Two independent
ﬁtness experiments designated rt1 and rt2 were conducted in
rainbow trout, with group sizes of approximately 15 and 30 ﬁsh,
respectively (Table 1B). Viral loads in individual ﬁsh determined after
3 days of in-host viral replication are shown in Figs. 3 (experiment
rt2) and S3 (experiment rt1). Calculated mean viral loads of virus-
positive ﬁsh in each treatment group are shown in Fig. 4.
In these experiments, somemortality was observed during the 72 h
infection period, mostly in the M IHNV single infection and the U+M
mixed infection groups, likely due to the use of a higher viral dose.
Genotype-speciﬁc viral loads determined in dead ﬁsh, denoted as
hatched bars in Figs. 3 and S3, appeared to be in the same general range
as viral loads in surviving ﬁsh.
Results summarized in Table 2B show that the two experiments in
rainbow trout were consistent. Signiﬁcantly more ﬁsh became
infected with genotype M than U in both single and mixed infections
(Z1,6=4.824, Pb0.001). Less than one-third (21–29%) of the ﬁsh
exposed to single virus infection with U IHNV had detectable viral
load, while all surviving and dead ﬁsh in the M IHNV single infections
were positive forM virus. In themixed infection groups, 33–53% of the
ﬁsh had mixed infections, 41–67% had M IHNV only, and 1 ﬁsh (6%)
had U IHNV only. Furthermore, there was no signiﬁcant effect of
competition on the number of ﬁsh which became infected for either
genotype in single versus mixed virus exposure groups (Z1,5=0.590,
P=0.56).
With regard to viral loads among virus-positive ﬁsh, the mean
output viral load of the more virulent M IHNVwas signiﬁcantly higher
than U IHNV for both single infections (1.6–1.7 log difference) and
mixed infection groups (1.1–2.1 log difference), in both experiments
(Fig. 4, F1,88=69, Pb0.001). In analyses of potential competition
effects in experiments rt1 and rt2 there was no statistical difference
between the mean viral loads in single versus mixed infections for
either genotype U or M IHNV (Figs. 4A and B, F1,87=1.8, P=0.18).
There was signiﬁcantly more virus produced in experiment rt1 than
rt2 (F1,88=9.5, Pb0.001), but the relative difference between
treatment groups was consistent. No virus was detected in mock-
infected control ﬁsh in either experiment.
Test of different total virus challenge dose for mixed infection group in
rainbow trout
In all ﬁtness assays described above, the input viral dose of each
IHNV genotype was equal in single and mixed infections, allowing the
direct comparison of virus output of U or M IHNV in the absence or
presence of the other virus genotype. This, however, meant that the
total inoculum dose in the mixed infection was double that of the
single infections. To assess how this might have affected the results
obtained, we conducted a third ﬁtness assay experiment in rainbowy experiments in juvenile sockeye salmon and rainbow trout.
alence of virus-positive ﬁshb
le infections Mixed infection
M U only M only U+M
5 13/15 0/15 2/15 13/15
1 30/32 0/30 0/30 30/30
(1/2) 13/13 (3/3) 1/11 (0/6) 6/11 (1/6) 4/11 (5/6)
(0/0) 29/29 (1/1) 0/27 (0/3) 19/27 (1/3) 8/27 (2/3)
9 (1/1) 26/26 (4/4) 0/31 (0/0) 11/31 (0/0) 20/31 (0/0)
sh only, and means are shown±standard error.
d. In parentheses is the prevalence of virus-positive ﬁsh among rainbow trout that died
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Fig. 3. In vivo ﬁtness of U and M IHNV in juvenile rainbow trout (Fitness experiment
rt2). (A) Single infection: U IHNV only; (B) Single infection: M IHNV only; (C) Mixed
infection: U (gray bars) and M (black bars) IHNV. Bars show U or M viral load in
individual ﬁsh sample. Hatched bars denote IHNV load in ﬁsh that died prior to the end
of the 72 h replication period. Horizontal dashed and dotted lines indicate detection
levels for the U and M genotype-speciﬁc qRT-PCR assays, respectively. Analogous data
from experiments rt1 (Fig. S3) and rt3 (Fig. S4) can be found in the Supplementary
materials.
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Fig. 4. Mean viral loads of U and M IHNV in juvenile rainbow trout from three
independent viral ﬁtness experiments: rt1 (A), rt2 (B), and rt3 (C). Bars show
geometric means (±S.E.M.) of virus-positive ﬁsh with prevalence (number of virus-
positive ﬁsh out of number of ﬁsh sampled) indicated above each bar. Asterisks denote
statistically signiﬁcant difference (pb0.05) between treatment groups. Horizontal
dashed and dotted lines indicate detection levels for the genotype-speciﬁc qRTPCR
assays for U and M IHNV, respectively.
315M.M.D. Peñaranda et al. / Virology 417 (2011) 312–319trout (experiment rt3), in which the total inoculum dose was equal in
single andmixed infection groups. Thus, in this mixed infection group,
30 rainbow trout were exposed to a 1:1 mixture of U and M IHNV,
each at a virus dose of 1×105 pfu/ml, to obtain a total virus dose equal
to that used in the single infection treatment groups (2×105 pfu/ml)
(Table 1B).
Results of experiment rt3 (Figs. S4, 4C) were consistent with
experiments rt1 and rt2, as summarized in Table 2B. In the U IHNVsingle infection group 60% of the ﬁsh were positive for U virus, and in
the M IHNV single infection group all ﬁsh had M virus, such that
signiﬁcantly more ﬁsh were infected with genotype M than U
(χ2=16.7, Pb0.001, d.f.=1). In the mixed infection group, 64% of
the ﬁsh had both U and M virus co-infections, and 35% had only M
virus detectable. Overall, there was no signiﬁcant difference between
the number of ﬁsh infected in single versusmixed infections (χ2=0.3,
P=0.58, d.f.=1) .The M IHNV viral load was higher than U viral load
in all cases with mixed U and M infections, except in one ﬁsh, where
there were comparable levels of U and M IHNV (Fish No. 22 in Fig.
S4c). Therefore, M IHNV had signiﬁcantly higher mean viral load than
U IHNV in virus-positive ﬁsh of single (2.1 log difference) and mixed
infection groups (2.0 log difference) (Fig. S3, Table 2B, F1,73=69,
316 M.M.D. Peñaranda et al. / Virology 417 (2011) 312–319Pb0.001). No statistical difference in the mean virus output copy
number was observed for single versus mixed infections with either
IHNV genotype (F1,72=0.68, P=0.41). No virus was detected in mock
infected ﬁsh in experiment rt3.
Discussion
The in vivo IHNV ﬁtness study presented here is the fourth
application of the system in rainbow trout (Troyer et al., 2008; Wargo
et al., 2010; Wargo and Kurath, 2011). In addition, the experiments in
sockeye salmon represent the ﬁrst use of the IHNV ﬁtness assay in a
non-rainbow trout host, thus demonstrating its potential applicability
to awide variety of ﬁsh species. In contrast to the earlier studieswhich
used IHNV genotypes from within the M genogroup, we investigated
the relationship between virulence and within-host ﬁtness of two
IHNV genotypes from two different genogroups, U and M, that exhibit
opposing host-speciﬁc virulence in two ﬁsh host species.
Time-course studies assessing the in vivo replication kinetics of the
IHNV U and M type isolates used here have been previously reported.
Using 5–7 ﬁsh per group per time point, it was found that, in both
sockeye salmon (Purcell et al., 2009) and rainbow trout (Peñaranda
et al., 2009), higher virulence was associated with a higher prevalence
of infection, more rapid early replication after infection, higher viral
loads, and persistence despite a strong host innate immune response.
In this study, we used higher n numbers (15–31 ﬁsh per treatment
group) to quantify differences in the within-host ﬁtness of U and M
IHNV at the peak of viral replication, 72 h post-infection (Peñaranda
et al., 2009; Purcell et al., 2009). In addition, we simultaneously
assessed competitive ﬁtness in vivo by co-infecting groups of ﬁsh with
U and M IHNV and comparing viral yields in single versus mixed
infections.
In both sockeye salmon and rainbow trout, and in both single and
mixed infections, the more virulent IHNV genotype (U in sockeye
salmon, M in rainbow trout) produced signiﬁcantly more viral copies
than the less virulent genotype (M in sockeye salmon, U in rainbow
trout). These results are consistent with the previously reported IHNV
ﬁtness assays using twoM genotypes exhibiting high (HVm, the same
genotype used here as the representative M type IHNV) and low
(LVm) virulence in rainbow trout (Wargo et al., 2010). However, the
difference in viral load observed here between U and M IHNV was
more extreme (~100-fold) than that observed by Wargo et al. (2010)
(~10-fold) between HVm and LVm. Accordingly, these differences in
viral load may explain the observed differences in virulence,
measured as cumulative percent mortality (CPM) in rainbow trout
immersion challenges, which was also more extreme between
genotypes M (CPM: 85%) and U (CPM: 4%) (Garver et al., 2006),
than between genotypes HVm (CPM: 82%) and LVm (CPM: 30%)
(Wargo et al., 2010). It should be noted that the HVm and LVm
genotypes in the previous studies both belong to the M IHNV
genogroup, and hence presumably are both adapted, although
possibly to different degrees, to the rainbow trout host. Overall,
IHNV virulence appears to be consistently correlatedwith within-host
ﬁtness in the in vivo ﬁtness studies conducted to date.
In mixed infections where U and M IHNV infect a single ﬁsh host,
sharing of the same resources and/or host immune responses can be
expected. Hence, the population dynamics of individual genotypes are
likely to be affected by the presence of the other (Read and Taylor,
2001). In the present study, however, no apparent competition
between U and M IHNV was observed in the rainbow trout ﬁtness
assays, as indicated by the absence of a signiﬁcant difference between
the viral copy output of each virus genotype in single and mixed
infections. This apparent lack of competition between U and M IHNV
during mixed infections is in agreement with the results previously
observed by Wargo et al. (2010) in rainbow trout ﬁtness assays with
M genotypes that differ in virulence. This could suggest the existence
of a mechanism other than resource limitation that limits the viralload of IHNV during infection, or some level of resource partitioning
between U andM genotypes that allows them to co-infect a single ﬁsh
without limiting the available resources.
Results in sockeye salmon assays also showed no reduction of either
genotype in mixed infections relative to single infections, but rather
both experiments showed a signiﬁcant increase inU IHNVduringmixed
infection, with the effect being greater in experiment ss2. Increased
yield of the rapidly replicating U virus during mixed infections may be
suggestive of increased immunological stress and less effective host
defense in sockeye salmon due to genetic heterogeneity and increased
total viral load in ﬁsh infected with both U and M IHNV. This indication
of possible enhancement of U IHNV in the presence of M IHNV is
interesting andmerits further investigation, since it has only rarely been
reported in other systems (Hodgson et al., 2004). However, at this point
we conservatively conclude that our results clearly show a lack of any
negative effect of replication in a competitive environment in either
host. Thus, this suggests that the higher production of M IHNV in
rainbow trout, and U IHNV in sockeye salmon, are likely due to
differences in viral replication rather than direct competition governed
by limited shared resources.
In experimental designs involving comparison of single infections
with co-infections, the challenge dose for mixed infections is a
difﬁcult decision. Direct comparison of the performance of one
genotype in the absence or presence of a second genotype requires
that the single andmixed infections be initiatedwith the same dose of
the genotype of interest, as in the sockeye salmon experiments and
the ﬁrst two rainbow trout ﬁtness experiments. However, it was
uncertain whether the results may have been confounded by the use
of a higher total viral dose in the mixed infection. Therefore, in the
third rainbow trout ﬁtness experiment we used modiﬁed challenge
doses so that the total virus dose in the mixed infection was equal to
the dose in the single U or M infections. This experiment conﬁrmed
the lack of apparent competition in mixed infection, and indicated
that there was no discernible difference between the two experi-
mental designs.
Comparing the prevalence results for the less virulent IHNV in each
of the two ﬁsh species, there were considerably more M-positive ﬁsh
in sockeye salmon (13/15 and 30/32) than U-positive ﬁsh in rainbow
trout (9/31, 4/16), despite the higher challenge dose used in the
rainbow trout experiments. The same trend was observed when a
general IHNV qRT-PCR assay that detects both U and M IHNV with
higher sensitivity (detection limit 10 virus copies) (Peñaranda et al.,
2009; Purcell et al., 2009) was used instead of the U- and M-speciﬁc
qRT-PCR assays (detection limits 1000 and 100 viral copies,
respectively) (data not shown). This indicates that the higher
prevalence of ﬁsh with no detectable U IHNV in rainbow trout, during
single and mixed infections, was more likely due to low replication
and/or complete exclusion rather than being an artifact of using a
genotype-speciﬁc qRT-PCR assay with lower sensitivity.
The observed lower prevalence of U IHNV in rainbow trout could
be partly due to its lower ability to gain entry into this ﬁsh host
(Peñaranda et al., 2009), which is not the case for M IHNV in sockeye
salmon (Kurath et al., 2010). Therefore, in addition to within-host
replication, it is also important to consider the role that the other
stages of the viral infection cycle, particularly virus entry into the host,
play in shaping the viral ﬁtness-virulence association (Wargo and
Kurath, 2011). Nevertheless, the results of this study suggest that the
mechanism(s) responsible for limiting the viral load of the less
virulent viral genotypes in rainbow trout and sockeye salmon are not
completely reciprocal, which could be attributed to the evolutionary
history of the U and M genogroups in the two ﬁsh hosts. We have
previously hypothesized that the M genogroup of IHNV arose by a
host jump of an ancestral U IHNV strain from sockeye salmon into
rainbow trout during the 1970s (Kurath et al., 2003; Troyer and
Kurath, 2003). If this is true, the greater ability of M IHNV to infect
sockeye salmon may be because it represents return to an ancestral
317M.M.D. Peñaranda et al. / Virology 417 (2011) 312–319host, while U IHNV infection of rainbow trout requires another host
jump. Interestingly, it appears that the adaptation of M IHNV to
rainbow trout involved a cost in within-host ﬁtness in its original
sockeye salmon host, but not in infectivity. Furthermore, as evidenced
by the continued high virulence of U and M IHNV in sockeye salmon
and rainbow trout, respectively, it appears that these host–pathogen
relationships did not evolve toward benign association, as is
traditionally predicted (Hoeprich, 1989; Thoulouze et al., 2004). The
correlation of higher virulence with higher in-host ﬁtness described
here is consistent with the possible existence of a virulence trade-off
that drives the evolution of virulence in IHNV, but the mechanism of
such a tradeoff has not been identiﬁed to date (Wargo et al., 2010;
Wargo and Kurath, 2011).
In summary, in vivo ﬁtness studies of U and M IHNV in sockeye
salmon and rainbow trout allowed us to assess the relationship of
viral ﬁtnesswith virulence and host speciﬁcity.We have shown that in
vivo ﬁtness is positively correlated with IHNV virulence in both single
and mixed infections, in two host species with opposing host-
speciﬁcity phenotypes. In each host, the more virulent IHNV (U in
sockeye salmon, or M in rainbow trout) is more ‘ﬁt’, reaching higher
virus densities in the host. In the ﬁeld, this host-speciﬁc ﬁtness likely
plays a role in the host-speciﬁcity of U and M IHNV in sockeye salmon
and rainbow trout, and could facilitate their continued co-existence in
the same geographic range.
Materials and methods
Virus isolates and propagation
Two genetically distinct IHNV isolates (i.e. genetic variants, referred
to hereafter as genotypes) from different IHNV phylogenetic gen-
ogroups were used in the study. The 220-90 isolate of IHNV from
rainbow trout in the Hagerman Valley, ID in 1990 (LaPatra et al., 1994;
Troyer et al., 2000) was the representative genotype for M genogroup
IHNV. This genotype has been referred to previously as HVm (Wargo et
al., 2010). The Blk94 isolate from a sockeye salmon in Baker Lake,WA in
1994 (Emmenegger andKurath, 2002)was the representative genotype
for U genogroup IHNV. These isolates were selected because they
represent genotypes that are most common in the ﬁeld and they are
highly pathogenic in rainbow trout and sockeye salmon, respectively
(Garver et al., 2006). They are referred to here as M and U type IHNV.
Viruses were propagated at 15 °C in the epithelioma papulosum cyprinid
(EPC) ﬁsh cell line (Fijan et al., 1983). Cellsweremaintained at 15–20 °C
in minimum essential medium (MEM) supplemented with 10% fetal
bovine serum and 2 mM L-glutamine (GIBCO BRL).
For preparation of viral stocks for ﬁtness assays the virus isolates
were passaged three times in cell culture at an MOI of 0.001 to
minimize defective interfering particles. Viral stocks were stored as
1 ml aliquots at −80 °C and the titers were precisely determined by
plaque assay (Batts and Winton, 1989), performed at three separate
times, each time with a minimum of three replicate dilution series,
each counted in duplicate wells. Mean titers of virus stocks were: U:
3.0×108 pfu/ml and M: 2.7×107 pfu/ml.
Fish
Iodinated sockeye salmon eggs from the Redﬁsh Lake captive
broodstock program (Frost et al., 2002) were generously provided by
W.C. McAuley and D.A. Frost of the National Marine Fisheries Service.
Juvenile rainbow trout from the research division of Clear Springs Food,
Incwere kindly provided by Dr. S. LaPatra. Sockeye salmon and rainbow
trout were reared at 10 °C and 15 °C, respectively, in pathogen-free
water and fed daily (1.5% body weight) with a semi-moist pelleted diet
(Bioproducts, Inc.). Fish were restricted from feeding for 24 h prior to
challenge in order to reduce stress (Wedemeyer, 1996).In vivo viral ﬁtness assay during single and mixed infections of U and M
IHNV
The IHNV in vivo ﬁtness assay using both single and mixed
infections has been described previously (Troyer et al., 2008; Wargo
et al., 2010). Brieﬂy, juvenile ﬁsh were challenged in batch by
immersion in static water containing U, M, or U+M IHNV for 12 h
with aeration (see Table 1 for the number of ﬁsh exposed and virus
doses). As a mock control group, 5–10 ﬁsh were exposed to virus-free
medium instead of the challenge virus. After the exposure period, ﬁsh
were moved to a separate tank with circulating water for 1 h to rinse
out excess virus. Fish were then placed into individual beakers with
400 ml static water and held for a 72 h period of virus replication.
Temperature was maintained at 10 °C (sockeye salmon) or 15 °C
(rainbow trout) by circulating temperature-controlled water outside
the beakers. Fish were not fed during the experiment. At the end of
72 h, ﬁsh were euthanized by adding an overdose of buffered tricaine
methane sulfonate (MS-222, 150 mg l−1) to each beaker and then
collected with ﬂamed forceps and placed in individual whirl pack
bags. Whole ﬁsh were stored frozen at −80 °C until RNA extraction.
RNA extraction and cDNA synthesis
RNAwas extracted from homogenates of whole juvenile ﬁsh using
a guanidinium thiocyanate protocol (4 ml denaturing solution per
gram ﬁsh) as previously described (Troyer et al., 2008; Wargo et al.,
2010). Total RNA was quantiﬁed by spectrophotometry (SpectraMax
Plus®, Molecular Devices or NanoDrop®, ND-1000 Spectrophotom-
eter). Subsequently, complimentary DNA (cDNA) was synthesized
from 1 μg of total RNA using oligo-dT and random hexamer primers,
as previously described (Purcell et al., 2004). After synthesis, cDNA
reactions were diluted to a ﬁnal volume of 100 μl, and 5 μl was used
for qRT-PCR reactions.
Genotype-speciﬁc qRT-PCR assay for speciﬁc quantiﬁcation of U and M
IHNV
qRT-PCR assays speciﬁc to each viral genotype (U and M) were
developed using differentiating forward primers (U: 5′-ACCACTCCGCT-
CATTCTCATtcTa-3′; M: 5′-CACTCCGCTCATTCTCATctTg-3′), minor grove
binding (MGB) ﬂuorescent labeled TaqMan probes (U: 5′-CAGCCA-
gACCGTaAAa-3′; M: 5′-CAGCCAaACCGTcAAc-3′) and reverse primers
(U: 5′-TCTGATTCgCTTgCgGTGTC-3′; M: 5′-GGTTGGTCTGATTCaCTTa-
CaGTGTC-3′) (Fig. S1). The speciﬁcity and sensitivity of these
assays were extensively studied and found to consistently provide
reliable quantiﬁcation of U and M IHNV in artiﬁcial mixtures of known
quantities of RNA from U and M in vitro transcripts, spanning ratios of
10,000:1-1 to 1:10,000 U:M. In assays of these mixtures, there was no
detection of non-target viral RNA (UwithM-speciﬁc qRT-PCR assay and
vice versa) at a total concentration of 1×107 viral copies per reaction or
greater. Detection limits were approximately 1000 and 100 viral copies
per reaction for the U- and M-speciﬁc assays, respectively (data not
shown).
The qRT-PCR reactions were done in a ﬁnal volume of 12 μl
containing 900 nM of each primer, 200 nM probe, and 6 μl 2x TaqMan
Universal PCR Master Mix (Applied Biosystems), 0.328 μl H2O, 5 μl
sample cDNA diluted 1/5, and run on a 7900HT ABI Prism machine
(Applied Biosystems). RNA samples from ﬁsh infected with only one
IHNV genotype (single infections) were assayed with the correspond-
ing genotype-speciﬁc qRT-PCR assay (e.g., U-infected ﬁsh with U-
speciﬁc qRT-PCR assay). RNA from mixed infections was analyzed
independently with both U and M assays. To control for speciﬁcity,
cDNA from the in vitro transcript of the non-target genotype (e.g., M
transcript cDNA for the U-speciﬁc qRT-PCR assay) as well as RNA from
two ﬁsh samples infected with the non-target genotype (e.g., M-
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qRT-PCR assays for single infection samples.
To create an absolute standard curve, RNA transcribed in vitro from
plasmids containing the U or M IHNV glycoprotein genes was reverse
transcribed simultaneously with the ﬁsh RNA samples (Purcell et al.,
2006). All reactions were done in duplicate and samples were
considered positive if both replicate wells reached the qRT-PCR critical
threshold by 38 cycles (CT≤38). Viral load data were calculated as gene
copies μg−1 RNA and reported as the geometric mean of virus-positive
ﬁsh in each treatment group. Prevalence of each IHNV genotype
(number of virus-positive ﬁsh over the total number of ﬁsh sampled) in
single and mixed infection groups was also determined.
Statistical analyses
To analyze the number of ﬁsh which became infected we
implemented general linear models using a binomial distribution and
Chi-squared tests. We began with models containing all factors
(experiment, competition, genotype) and interactions and then
simpliﬁed the model in a stepwise manner by removing all non-
signiﬁcant terms, starting with the higher order interactions.
To assess statistical signiﬁcance of U and M viral loads, we utilized
general linear models and F-tests with explanatory variables
experiment (1 or 2), genotype (U or M) and competition (alone or
mix). Tukey's tests were employed in cases of multiple comparisons.
We ﬁrst ran the analysis with all negative ﬁsh excluded, because their
viral load could not be determined. We then re-ran the analysis
including the negative ﬁsh, by setting their value to 1000 virus copies/
g of ﬁsh (detection threshold of qRT-PCR). The same qualitative
results were obtained in both analyses, and the analyses where
negative ﬁsh were excluded are presented here. For rainbow trout
experiments where some ﬁsh died prior to the 3 day harvest point,
data from dead ﬁsh was included in the statistical analyses to avoid
introducing bias by using only survivors.
For all analyses we randomly allocated half of the mixed infection
ﬁsh to genotype U and the other half to genotype M to avoid violating
assumptions of independence.We also ran the analyses by including all
mixed infection ﬁsh and the same statistical results were obtained. The
analyses with the split mixed infection data are shown. All statistical
analyses were conducted in the software package R (version 2.11) and
P values less than0.05were considered signiﬁcant. The two host species
were analyzed separately due to the difference in exposure dosage.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.virol.2011.06.014.
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